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Improving the adsorption efficiency of porous adsorbent materials for organic liquids with high viscosity
is crucial for addressing oil spill incidents. In this study, a high-performance aerogel adsorbent composed
of polyimide (PI), hydroxyapatite nanowires (HAPnws), and reduced graphene oxide (rGO) has been
fabricated, which leverages reduced flow tortuosity through anisotropic structures and solar-assisted
viscosity reduction via photothermal materials. The prepared anisotropic PI/HAP/rGO aerogel, with
directional channels, shows unique mechanical properties with high stiffness along the axial direction and
compressibility along the radial direction. PI/HAP/rGO, featuring vertically aligned channels, demonstrated
superior adsorption efficiency (the adsorption coefficient K, reached 0.37 kg m™ s~/ for an engine oil
with a viscosity of ~144 mPa-s) for oil of varying viscosities compared to similar aerogels with uniform
pores, because of the substantially reduced flow tortuosity. The photothermal properties of rGO further
enhance the adsorption speed of PI/HAP/rGO for viscous oil under sunlight, including crude oil with
ultrahigh viscosity. In addition, PI/HAP/rGO exhibits excellent fire resistance, allowing for reusability via
both adsorption—compression and adsorption—combustion cycles. The robust and compressible PI/HAP/
rGO aerogels with high adsorption efficiency for viscous oil and fire resistance represent an ideal solution
for practical oil spill treatment, and this approach also offers inspiration for the development of advanced
adsorbent materials.
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Introduction

Oil contamination from various human activities (oil spills
from oil production, transport, shipping, and storage) and natu-
ral events (natural seepage) have caused serious impacts on the
environment, ecosystems, and economies [1,2]. Researchers
have proposed different methods to treat oil spills, such as boom
systems [3], in situ burning [4], bioremediation [5], and recov-
ery by adsorbent materials [6]. Porous adsorbent materials,
such as foams [7], aerogels [8,9], and sponges [10] with super-
hydrophobicity and compressibility, have been widely applied
to treat oil spills due to their high adsorption efficiency, selec-
tive adsorption, reusability, and minimal environmental impact
[11]. The driving force for the oil adsorption capacity of the
adsorbent materials derives from the van der Waals force and
the capillary rise effect [12,13]. Therefore, the study of adsorbent
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materials for oil spill recovery mainly focuses on hydrophobic
surface modification, pore size control, and enhancing com-
pressibility. However, enhancing the adsorption efficiency of
adsorbent materials toward oil with high viscosity is still a chal-
lenge for researchers.

For most porous adsorbent materials, the randomly distrib-
uted pores exert high resistance to the oil, especially for highly
viscous oil, to flow into the internal space of the adsorbent
materials, resulting in low adsorption capacity and adsorption
speed [14]. Porous material with aligned channels should be a
better candidate to reduce the tortuosity of the porous adsor-
bent materials and fully utilize the capillary force. One typical
example is the natural wood material, which possesses aligned
channels for water transport. Wu and coworkers [15] reported
the application of hydrophobically modified wood carbon
sponges for fast adsorption and recovery of crude oil via the
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Joule-heating and photothermal effect. Nevertheless, the adsorp-
tion efficiency is limited owing to the low porosity and uncon-
trollable pore size of the wood sponge. Another approach is
fabricating porous materials with aligned channels via direc-
tional freeze casting, namely, the ice template method [16-18].
Liu et al. [14] prepared hydrophobic plastic foam with aligned
channels via an organic solvent freeze-casting strategy, which
showed high adsorption speed and adsorption capacity for oil
with a wide range of viscosity. Apart from structural optimiza-
tion, reducing the oil viscosity via solar energy is also a promis-
ing approach to improve the performance of adsorbent materials
for highly viscous oil [9,19,20]. Typical photothermal conver-
sion materials include reduced graphene oxides (rGOs) [21],
carbon nanotubes [22], and MXene [23]. These materials are
usually coated on the adsorbent materials to increase tempera-
ture under the sunlight, which reduces the oil viscosity and
accelerates the adsorption speed. Therefore, it would be a prom-
ising approach to combine the above 2 strategies, namely,
aligned channel structure and solar assistant viscosity reduction,
in the preparation of efficient adsorbent materials for highly
viscous oil.

To fabricate such porous adsorbent materials, polyimide
(PI) was chosen as the polymer component due to its excellent
thermal stability, high mechanical strength, and hydrophobicity
after the thermal imidization process [24-28]. However, the PI
aerogels suffer from severe shrinking problems during the ther-
mal imidization process, which makes it difficult to control the
pore size and porosity of the PI aerogel. Incorporating nano-
materials, including nanoparticles, nanowires, and nanosheets,
into PI aerogels could effectively reduce the shrinking degree
[29,30]. Compared with the particulate additives, the fibril-
lar nanowires and flaky nanosheets have stronger interaction
and entanglement with the PI chains, which usually leads to
more notable shrinkage reduction [31-34]. Hydroxyapatite
nanowires (HAPnws) are novel one-dimensional nanoma-
terials that have been widely studied for the fabrication of
composite materials due to their high mechanical strength,
excellent thermal stability, and great compatibility with organic
materials [35-37]. Therefore, HAPnws were selected as the
inorganic phase in the composite aerogel to enhance its mechani-
cal and thermal properties. Various photothermal conversion
materials, such as rGO [38], carbon nanotubes [39], MXene
[24], and polypyrrole [40], have been incorporated with PI to
fabricate functional aerogels for solar evaporation. The hydro-
philic GO can be thermally reduced to hydrophobic rGO by
eliminating the oxygen-contained groups in GO, which makes
the rGO an ideal building material for fabricating adsorbent
materials for hydrophobic organic liquids [41].

Herein, incorporating the PI polymer, HAPnws, and rGO,
a high-performance anisotropic adsorbent for viscous oil was
prepared via directional freeze casting. The embedding of
HAPnws in the PI chain network and the coverage of rGO
nanosheet on PI polymer greatly enhanced the mechanical
strength of the prepared PI/HAP/rGO aerogel and markedly
reduced its shrinking rate. The anisotropic structure of PI/HAP/
rGO endowed its high toughness along the axial direction and
compressibility along the radial direction. Moreover, the intrin-
sic hydrophobicity of PI polymer and rGO imparted PI/HAP/
rGO aerogel the selective adsorption of organic liquid. PI/HAP/
rGO exhibited excellent adsorption efficiency for organic liquid
with various viscosity, and the adsorption efficiency could be
further improved by the illumination of sunlight. Meanwhile,
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the unique mechanical property and remarkable fire resistance
of PI/HAP/rGO guaranteed its reusability via both adsorption-
compression and adsorption—combustion cycles. Therefore,
this study provides new insights into the design of porous
adsorbent for highly viscous oil, and the prepared PI/HAP/rGO
aerogel has great application potential for fast cleaning and
recovery of viscous oil spills.

Results and Discussion

Synthesis and characterization of materials
PI/HAP/rGO aerogel was fabricated by directional freeze casting
of the polyamic acid (PAA), HAPnws, and GO mixture, followed
by freeze-drying and thermal treatment, as shown in Fig. 1A.
For the aerogel prepared with different HAPnw contents, sam-
ples were named in the format of PI/HAPx/rGO (x = 0.3, 0.6,
0.9, 1.2, and 1.5, indicating the concentration of HAPnws) (Fig.
S1). Samples prepared with 1 or 2 components were labeled
using the abbreviations of those components, such as PI, PI/
rGO, and PI/HAPx (x = 0.3, 0.6, 0.9, 1.2, and 1.5, indicating the
concentration of HAPnws). The obtained aerogel is hydrophobic
due to the thermal reduction of GO to rGO and the imidization
of PAA to PI. Additionally, the anisotropic structure of PI/HAP/
rGO results in low tortuosity along the vertical direction, which
could achieve fast heat and liquid transport for the application
of solar-assisted adsorption of organic liquid with high viscosity,
including heavy crude oil (Fig. 1B).

Figure 2A shows the photos of PI, PI/rGO, PI/HAP0.9, and
PI/HAP0.9/rGO aerogels. PI and PI/HAPO.9 aerogels present
a yellow appearance, while PI/rGO and PI/HAP0.9/rGO show
a black color due to the existence of rGO. The scanning elec-
tron microscope (SEM) image of HAPnws shows their fibrous
structure with a length of tens of micrometers in the form of
nanowire bundles (Fig. 2B). The atomic force microscope (AFM)
image of GO indicates that the literal size of the synthesized
GO is in the range of hundreds of nanometers to micrometers
(Fig. 2C). Based on the AFM image, the thickness of GO is
measured to be ~0.781 nm (Fig. 2D). The SEM images of PI,
PI/rGO, PI/HAP, and PI/HAP/rGO aerogels are presented in
Fig. 2E to H. Since all these aerogels are fabricated via the
directional casting method, the vertically aligned channels are
observed in SEM images along the axial direction of all 4 kinds
of aerogels. PI and PI/GO aerogels exhibit relatively large and
irregular pores at the transverse section, and wider channels
with soft and bent walls are observed along the axial direction
(Fig. 2E1, E2, F1, and F2). However, both PI/HAP and PI/HAP/
rGO aerogels have regular lamellar structures and smaller pore
sizes at the transverse section, and the channel size is smaller
with rigid and straight walls as shown in the longitudinal sec-
tion images (Fig. 2G1, G2, H1, and H2). The SEM images of
PI/HAP and PI/HAP/rGO with higher magnification show that
the HAPnws are entangled with each other and embedded in the
PI polymers, which dramatically improves the structural stability
of these aerogels during the fabrication process (Fig. 2G3 and
H3). Comparing the wall surface of PI and PI/rGO aerogels
(Fig. 2E3 and F3), the wall surface of PI aerogel is perfectly
smooth, but wrinkles are observed on the wall surface of PI/
rGO, which indicates that rGO sheets cover the PI polymer. The
energy-dispersive x-ray spectroscopy element (EDX) mapping
images of PI/HAP/rGO show that Ca, P, N, C, and O elements
are uniformly distributed, reflecting the great dispersibility of
HAPnws and GO nanosheet in the PAA solution. With the
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Fig.1.(A) Schematic of the synthesis route of the PI/HAP/rGO aerogel. (B) lllustration of the structure, properties, and application of the PI/HAP/rGO aerogel.

vertically aligned structure and the interwoven network between
the HAPnws and PI polymer chains, PI/HAP/rGO aerogels
have excellent mechanical strength along the vertical direc-
tion. As shown in Fig. 2], a cubic PI/HAP/rGO aerogel weighing
0.1534 g withstood a weight of 500 g in the vertical direction,
which is ~3,259 times its own weight. More detailed discussions
on the mechanical properties will be presented in later sections.
By changing the casting mold, the shape and size of PI/HAP/
rGO could be easily regulated, such as shapes of flower, bear,
pentagram, round, and heart (Fig. 2]).

The chemical composition of the prepared composite aero-
gel was analyzed by Fourier transform infrared spectroscopy
(FTIR), Raman spectrum, and x-ray photoelectron spectros-
copy (XPS). Figure 3A shows the FTIR spectrum of PI/HAP0.9/
rGO and the spectra of its components. Compared with the
spectrum of PAA, the new peaks at 1,718 and 1,775 cm ™',
corresponding to the asymmetric and symmetric stretching
vibrations of carbonyl in imide rings, indicate the successful
thermal imidization of PAA to PI [42]. Peaks at 1,095, 1,026,
and 961 cm ™" are the characteristic peaks of PO,’” in HAPnws
[37]. The spectrum of PI/HAP0.9/rGO includes all character-
istic peaks of PI, HAPnws, and rGO. Pure PI aerogel and PI/
HAPO.9 aerogel almost present the same Raman spectrum,
which indicates that the HAPnws are embedded in the PI poly-
mer network to act as the “bones” of the composite aerogel [43].
The Raman spectra of PI/rGO and the same aerogel before the
thermal treatment (PAA/GO) are presented in Fig. S2A. After
the thermal reduction process, the I,/I; ratio of PAA/GO
decreased from 1.91 to 1.45 of PI/rGO. The much lower I;,/I;
ratio in PI/rGO reflects a higher content of sp2-hybridized car-
bon atoms in the rGO (Fig. S2A). After introducing rGO into
the system, both PI/rGO and PI/HAP/rGO exhibit only 2 peaks
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of the D band and G band for rGO, reflecting that the outer
layer of the aerogels is covered by rGO nanosheets (Fig. 3B).
XPS results further verified the structure of PI/HAP/rGO from
the surface chemical composition aspect. As shown in Fig. 3C,
the XPS curve of HAPnws exhibits the characterization peaks
of Ca 2s (438.96 eV), Ca 2p (348 eV), P 25 (188.86 V), and P
2p (135 eV), while only C 1s (284.8 eV), N 1s (400.6 eV), and
O 15 (532.6 eV) are observed in the XPS curves of PI/HAP0.9,
PI/rGO, and PI/HAP0.9/rGO. Meanwhile, the intensity of N
1s peak in PI/HAP0.9/rGO is smaller than that in PI/HAP.
Based on the results of SEM images, Raman, and XPS, it could
be concluded that HAPnws were embedded in PI and rGO
nanosheets covered on the PI surface. The high-resolution XPS
spectra of C 1s and O 1s of PI/HAP0.9/rGO are presented in
Fig. S2B and C, in which the fitted peaks are mainly attributed
to the chemical bonds in rGO. The interaction among PAA,
HAPnws, and GO was also investigated via the rheological
behavior (Fig. 3D). The additive of GO only slightly enhanced
the viscosity of PAA solutions, while the addition of 0.9 wt%
HAPnws considerably increased the viscosity of PAA solution
from 0.139 to 0.656 Pa-s, which should be ascribed to the strong
interaction between the Ca®" on HAPnw surface and carboxyl
groups on PAA chain. However, the presence of GO in the PAA/
HAP system decreased the viscosity, indicating that the GO
nanosheet may weaken the interaction between PAA and
HAPnws. The content of HAPnws in the PI/HAP/rGO aerogel
plays an important role in the shrinkage rate and density of the
composite aerogel. The photo of PI/HAP and PI/HAP/rGO
aerogels with different HAPnw content is shown in Fig. S1.
Aerogels with lower HAPnw content show smaller sizes. As
shown in Fig. 3E, the shrinkage rate of PI/HAP and PI/HAP/
rGO aerogels decreases gradually with the increasing content
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Fig. 2. Morphology characterization of PI/HAP/rGO aerogel and its components. (A) Photos of aerogels with different compositions (Al) PI, (A2) PI/rGO, (A3) PI/HAPOQ.9,
and (A4) PI/HAPOQ.9/rGO. (B) SEM image of HAPnws. (C) AFM image of GO. (D) Thickness measurement of GO. SEM images of (E) PI, (F) PI/rGO, (G) PI/HAPQ.9, and (H) P1/
HAP0.9/rGO along (E1, F1, G1, H1) radial direction, (E2, F2, G2, H2) axial direction, and (E3, F3, G3, H3) axial direction at high magnification. (1) SEM-EDX mapping images of
P1/HAPQ.9/rGO. Scale bar, 100 um. (J) Photos of the vertical bearing test of PI/HAPQ.9/rGO and PI/HAP0.9/rGO with various shapes.

of HAPnws. The shrinkage of composite aerogels results from
the imidization of PAA to PI, which causes a shrinkage rate of
40.54% of pure PI aerogel. After the addition of 1.5 wt%
HAPnws, the shrinkage rate of PI/HAP1.5 is reduced to 17.39%.
Meanwhile, PI/HAP/rGO aerogels have lower shrinkage rates
than PI/HAP aerogels at the same HAPnw content. Both
HAPnws and rGO support the PI polymer network to reduce
its shrinkage during imidization. SEM images in Figs. S3 to S5
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show that PI/HAP/rGO with higher content of HAPnws exhib-
its more rigid and regular structures, which enhances the struc-
ture stability of the composite aerogel. The higher content of
HAPnws decreased the shrinkage but also increased the solid
composition. Therefore, the lowest density i is achieved by PI/
HAPO0.9/rGO, with a density of 0.034 g cm™ (Fig. 3F). Figure
S2D shows the N, adsorption-desorption isotherms of PI/
HAP0.9/rGO aeroge], and the surface area was calculated to be
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Fig.3.Chemical characterization and physical properties of PI/HAP/rGO. (A) FTIR spectra of PAA, PI, GO, HAPnws, and PI/HAP/rGO. (B) Raman spectra of PI, PI/HAPO.9, Pl/
rGO, and PI/HAPQ.9/rGO. (C) XPS survey scan of HAPnws, PI/HAPQ.9, PI/rGO, and PI/HAP/rGO. (D) Rheological properties of PAA, PAA/GO, PAA/HAPO.9, and PAA/HAP0.9/
GO solutions. (E) Shrinking rate of PI/HAP and PI/HAP/rGO with different contents of HAPnws. (F) Density of PI/HAP and PI/HAP/rGO with different contents of HAPnws.

13.998 m’/g. This relatively small surface area indicates that the
vertical channels, with a width of 20 to 30 pm and a length in
the centimeter scale, are the primary pores in the PI/HAP0.9/
rGO aerogel.

Mechanical property of the composite aerogel

The mechanical properties of PI/HAP and PI/HAP/rGO com-
posite aerogels with different contents of HAPnws were inves-
tigated in both the axial and radial directions (Fig. 4). Due to
the anisotropic structure, the composite aerogels exhibit com-
pletely different mechanical properties in different directions.
As shown in Fig. 4A and B, both PI/HAP and PI/HAP/rGO
aerogels show elasticity along the radial direction. For pure PI
aerogel, the stress—strain curve shows a linear relationship due
to the gradual densification, while the slope increases sharply
in the late deformation stage because of the greatly increased
density. With the increasing content of HAPnws, the stress—
strain curves tend to present a trend with 3 stages. Take PI/
HAP1.5 as an example, the stress increases linearly with a rela-
tively large slope at strain less than 10%, which is ascribed to
the stiffness provided by the HAPnws. Then, the slope decreased
slightly because the gradual densification dominates in this
stage. The slope in the last stage increases faster due to the
extremely increased density at such a high strain. PI/HAP/rGO
exhibits similar stress—strain curves, but the slope in the first
stage is higher than that of PI/HAP because the rGO nanosheets
covered on the matrix surface further increase the aerogel’s
stiffness. The stress—strain curves of PI/HAP and PI/HAP/rGO
along the axial direction show different patterns from the radial
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direction in the second stage during compression (Fig. 4C
and D). After the first elastic region, the aerogels yield and
undergo plastic deformation, at which stage the stress is almost
unchanged with increasing strain. Then, further irreversible
densification resulted in a sharp increase in stress with strain.
The slope of the stress—strain curve at the first stage gives
Young’s modulus of the aerogel along individual directions.
Both PI/HAP and PI/HAP/rGO aerogels have larger Young’s
modulus along the axial direction (Y,) than radial direction
(Yy). Y, of PI/HAP and PI/HAP/rGO and Y,/Yy of PI/HAP/
rGO are summarized in Fig. 4E and F respectively. Y, values
of PI/HAP/rGO are larger than those of PI/HAP at the same
HAPnw content, and higher HAPnw content achieves higher
Y, in a certain range. The Y, values of PI/HAP0.9/rGO and PI/
HAP1.2/rGO reach 3.37 and 3.75 MPa, respectively. However,
further increasing HAPnw content to 1.5 wt% reduces the Y,
to 3.02 MPa, which may be ascribed to the aggregates of GO
when excessive HAPnws are introduced as shown in Fig. S5.
PI/HAP0.9/rGO exhibit the largest Y,/Yy, indicating that P/
HAPO0.9/rGO is highly robust along the axial direction while
easy to be compressed along the radial direction. The mechanical
properties of PI/HAP0.9/rGO with uniform pore (UP) structure
(Fig. S6) and composite aerogel prepared with hydroxyapatite
nanoparticles at the same concentrations of each component (PI/
HAP-NP/rGO) were also tested (Fig. S7). PI/HAP0.9/rGO with
UP structure shows similar stress—strain curves along the axial
direction and radial direction, with a much smaller Young’s
modulus (~0.15 MPa). For the system of PI/HAP-NP/rGO with
directional channel (DC) structure, the stress—strain curves
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Fig.4.Mechanical properties of PI/HAP and PI/HAP/rGO. Compressive stress—strain curves of (A) PI/HAP and (B) PI/HAP/rGO with different contents of HAPnws along the
radial direction. Compressive stress—strain curves of (C) PI/HAP and (D) PI/HAP/rGO with different contents of HAPnws along the axial direction. (E) Young's modulus of Pl/
HAP and PI/HAP/rGO along the axial direction with different contents of HAPnws. (F) Ratio of Y,/Y of PI/HAP/rGO with different contents of HAPnws. (G) Comparison of
Young's modulus of PI/HAP/rGO with that of aerogels in previous reports [43,46-51]. (H) Fifty times compressive fatigue test of PI/HAP/rGO along the radial direction.
(1) Variation of residual stress and residual height of the PI/HAP/rGO aerogel during the cyclic compressive test.

along 2 directions have a similar pattern with PI/HAP0.9/rGO.
However, Young’s modulus of PI/HAP-NP/rGO along 2 direc-
tions (0.81 MPa along the axial direction and 0.15 MPa along
the radial direction) is much smaller than that of PI/HAP0.9/
rGO. These results demonstrate the advantages of HAPnws and
the DC structure in improving the mechanical properties of
the composite aerogels. Compared with other aerogels in previ-
ous reports, PI/HAP0.9/rGO shows a relatively high Young’s
modulus with extremely low density, which gives it great appli-
cation potential in various industries (Fig. 4G). To further
explore the compressibility of PI/HAP0.9/rGO along the radial
direction, a 50 times compressive fatigue test with a constant
strain of 50% was performed. As shown in Fig. 4H and I,
although the loading-unloading loop decreases dramatically
from the first compression to the second compression, and then
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gradually decreases over the 50 times compression, the residual
stress and residual height are still higher than 93.79% and
91.46% respectively.

Oil adsorption property of PI/HAP0.9/rGO

During the thermal treatment, the imidization and reduction
of GO increased the hydrophobicity of the composite aerogels.
As shown in Fig. 5A, the water contact angle of pure PI aerogel
reaches 131.9°. With the increasing content of HAPnws (super-
hydrophilic), the water contact angle gradually decreases to
100.53° for PI/HAP1.5. For the system of PI/HAP/rGO, the
effect of HAPnws is similar but less important owing to the
coverage of rGO. The water contact angle decreases from 124.7°
to 111.94° as HAPnw content increases from 0 to 1.5 wt%.
Previous results have shown the excellent mechanical properties
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of PI/HAPO0.9/rGO. Furthermore, the water contact angle of
PI/HAPO0.9/rGO is around 118.17°. Therefore, PI/HAP0.9/rGO
was selected for the following oil adsorption tests. PI/HAP0.9/
rGO exhibits high adsorption capacity toward various organic
solvents and oils. The adsorption capacity ranges from 18.61 to
37.77 g/g, depending on the density of the oil. Due to the highly
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compressible properties of PI/HAP0.9/rGO, the adsorption-
compression cycle test was performed using corn oil as the
target oil. After 10 cycles, the adsorption capacity remains at
88.92% of the initial adsorption capacity, indicating the great
reusability of PI/HAP0.9/rGO as a waste oil adsorbent. More
importantly, the vertically aligned channels of PI/HAP0.9/rGO
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endow the aerogel with exceptional adsorption speed. The
adsorption speed of aerogel is mainly affected by the viscosity
of oil. Kerosene with a viscosity of 0.8 mPa-s was applied as the
model oil for low-viscosity oil. As depicted in Fig. 5D, E, and
J, PI/HAP0.9/rGO with DCs achieves an adsorption height of
24.20 mm within 15 s, while PI/HAP0.9/rGO with UPs requires
30 s to realize an adsorption height of 22.26 mm. Furthermore,
2 different kinds of engine oil with viscosity of 87.42 mPa-s
(engine o0il-L) and 144.36 mPa-s (engine oil-H) were applied
for the adsorption speed test. The increasing viscosity of oil
dramatically reduced the adsorption speed of aerogels. Figure
5G, H, and K shows that DC and UP take 9 and 21 min to reach
the adsorption height of 25.92 mm and 22.09 mm, respectively,
for the engine oil-L. Further increasing the viscosity, UP costs
more than 4 times as much time as the DC needs to reach full
adsorption (Fig. 51, J, and K). Figure 5F and K records the
curves of adsorption height versus time for oil with different
viscosities. According to Washburn et al. [44], the adsorption
liquid mass per unit area (,) has a linear relationship with the
adsorption time” (£*), which can be approximately fitted with
the following equations:

m, = K t'/? (1)

m, = Hp )

where H means the adsorption height, p means the density of
the oil, and K, means the liquid adsorption coefficient. By fitting
the m,—t"* curves with Eq. 1, the K, values of DC and UP for
oil with various viscosities were obtained (Fig. S8 and Fig. 5L).
The K, values of DC are larger than those of UP for all 3 types
of oil, reflecting the considerably enhanced adsorption speed
of PI/HAP/rGO with the DC structure. K| can also be defined

by Eq. 3:
1/2 / 1/2
=52 )12 cos?
K, p(ﬂ) <T>r0 <c052> (3)

where p is the liquid density, u is the liquid viscosity, o is the
liquid’s surface tension, €* is the effective absorption porosity,
7 is the average tortuosity factor, 7, is the average channel
radius, and 6 is the contact angle between the adsorbed liquid
and the adsorbent material. For a certain oil, PI/HAP0.9/rGO
with DC and UP structures share the same p, y, 0, and 6. Based
on previous discussions, DC and UP also have similar porosity
and SEM images show that they have comparable r, (Fig. S6).
Therefore, 7 dominates the value of K, and PI/HAP0.9/rGO
with the DC structure greatly reduces the tortuosity of liquid
transportation in the aerogel to achieve faster adsorption
capacity.

Solar-assisted oil adsorption property of

PI/HAP0.9/rGO

The results in previous sections verified that PI/HAP0.9/rGO
achieved faster adsorption for oil with lower viscosity. Meanwhile,
the viscosity of a liquid usually reduces with the increase in tem-
perature. Therefore, the oil adsorption performance of PI/
HAPO0.9/rGO aerogel can be further improved with the assis-
tance of sunlight since rGO is recognized as an excellent photo-
thermal conversion material. Crude oil is a typical liquid for
which viscosity decreases with increasing temperature. So, the
crude oil from the Athabasca oilfield was used for the following
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tests. Figure 6A shows that crude oil has a high viscosity at
20 °C, while increasing the temperature to 60 °C remarkably
reduces its viscosity. The adsorption process of a crude oil droplet
on PI/HAP0.9/rGO aerogel with DC and UP structures at 60 °C
is presented in Fig. 6B. For the DC structure, the crude oil drop-
let was adsorbed completely within 12 s. However, PI/HAP0.9/
rGO with the UP structure took 35 s to fully adsorb the crude
oil droplet, which further confirmed the low tortuosity of the
DC structure for liquid adsorption. Figure 6C exhibits that the
surface temperature of PI/HAP0.9/rGO and PI/rGO rises to
about 70 °C within 50 s under one sun illumination (1 kW/m?),
while the one sun illumination can only increase the surface
temperature of PI/HAP0.9 to ~38 °C. The infrared images of PI/
HAPO0.9/rGO during the illumination process are shown in Fig.
6D. After being illuminated for only 22 s, the surface tempera-
ture of PI/HAP0.9/rGO rose to 71.7 °C, which was ascribed to
the excellent photothermal conversion properties of rGO.
Under one sun illumination, the surface temperature of crude
oil, and PI/HAP0.9/rGO with DC and UP structures (with a
height of 0.5 cm) floating on crude oil, is recorded in Fig. 6E.
Crude oil could be gradually heated to ~58 °C within 750 s. The
surface temperature of PI/HAP0.9/rGO with DC and UP struc-
tures both instantly rose to over 60 °C within 50 s. Then, PI/
HAPO0.9/rGO with the DC structure began to decrease at ~100 s,
which means that the crude oil was adsorbed into the aerogel
and the oil surface was approaching the aerogel’s top surface.
The lowest temperature was observed at ~350 s, indicating the
time that crude oil reached the top surface and then the crude
oil on the top surface was gradually heated to the temperature
that the crude oil could reach under one sun illumination.
Based on the height and density of the crude oil, the adsorption
coefficient of PI/HAP0.9/rGO for crude oil could be calculated
to be 0.25 kg m™ ™" For PI/HAP0.9/rGO with the UP struc-
ture, the surface temperature began to drop at ~350 s and then
gradually decreased to around 56 °C at ~800 s. After that, the
surface temperature progressively rose to ~58 °C. The much
later surface temperature drops for PI/HAP0.9/rGO with the
UP structure than that for the one with the DC structure
indicated the faster adsorption of crude oil in the DC struc-
ture under solar-assisted situation, which should be not only
ascribed to the low tortuosity of the vertically aligned channel
but also due to the faster heat transfer along the DC. Figure 6F
further exhibits the adsorption process of a crude oil droplet
into PI/HAP0.9, and PI/HAP0.9/rGO aerogel with DC and UP
structures under one sun illumination. With the assistance of
sunlight, PI/HAPO0.9 took 4 min to fully adsorb the crude oil
droplet. Surprisingly, the oil droplet was adsorbed into the
aerogel within 34 and 72 s for PI/HAP0.9/rGO with DC and
UP structures, respectively, which verified the importance of
both anisotropic structure and the photothermal thermogen-
esis property of rGO in improving the adsorption efficiency of
highly viscous crude oil. For other viscous oils whose viscos-
ity is not as sensitive as crude oil to temperature change, PI/
HAPO0.9/rGO also presented improved adsorption efficiency
with the assistance of sunlight. Figure S9 shows that the viscos-
ity of engine oil-L was reduced from 87.42 mPa-s at 25 °C to
8.53 mPa-s at 80 °C. As shown in Fig. 6G, it cost 9 min for P/
HAPO0.9 to reach an adsorption height of 24.10 mm for the
adsorption of engine oil-L, which exhibited a compatible
adsorption coefficient (0.89 kg m~*s™") with PI/HAP0.9/rGO
without the assistance of sunlight. However, under the illumi-
nation of sunlight, PI/HAP0.9/rGO achieved an adsorption
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coefficient of 1.23 kg m™>s™" for the same engine oil. The m,~t"
curves are shown in Fig. S10. Compared with the reported
adsorbent in the literature, PI/HAP0.9/rGO presents a superior
adsorption coefficient (Table S1).

Fire-retardant property of PI/HAP0.9/rGO

The reusability of an adsorbent material is critical for its practi-
cal application. Previous results verified that the great com-
pressibility of PI/HAP0.9/rGO and the adsorbed oil could be
recovered by squeezing the PI/HAP0.9/rGO aerogel along the
radial direction. Moreover, PI/HAP0.9/rGO could be reused
through combustion due to the great fire resistance of rGO and
HAPnws. Figure 7A to D shows the 1-min combustion process
of PI, PI/rGO, PI/HAPO0.9, and PI/HAP0.9/rGO on a butane
torch at different stages. The PI aerogel expanded the flame
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when it contacted with fire, and the majority of PI aerogel
changed from yellow to black after burning for 1 min, which
should be ascribed to the pyrolysis of the PI chain (Fig. 7A).
Figure 7E1 and F shows the picture of burned PI aerogel after
the compression test and the corresponding compression
stress—strain curve, reflecting the loss of compressibility of PI
aerogel after burning. PI/rGO aerogel presented better fire
resistance than PI aerogel, but it still lost its compressibility and
was crushed after one cycle of compression test (Fig. 7E2 and
F). The presence of HAPnws greatly enhanced the fire resis-
tance of PI/HAPO0.9 aerogel. Only the outer part of PI/HAP0.9
became black after the burning process, and the burned PI/
HAPO.9 kept its integrity after the compression test (Fig. 7E3).
For PI/HAP0.9/rGO, the appearance is almost unchanged
except slightly shrank after the 1-min burning. Moreover, the
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gradually increased stress with increasing strain and the fully
recovered shape in the compression test verified the compress-
ibility of the burned PI/HAP0.9/rGO, indicating that PI/
HAP0.9/rGO can prevent fire from spreading into its internal
space. Thermogravimetric analysis (TGA) test shows that GO
decomposed greatly before 300 °C due to the oxygen-contained
groups and then slowly decomposed between 300 and 800 °C
(Fig. 7G). The weight loss of HAPnws in the TGA test is less
than 3 wt%, reflecting its excellent thermal stability. The fast
decomposition of PI polymer occurred at ~600 °C. With the
incorporation of rGO and HAPnws, the fast decomposition
temperature gradually increased, which facilitated the thermal
stability of PI/HAP/rGO aerogel during the combustion test.
Last, the adsorption-combustion cycle test was performed,
using hexane as the flammable organic liquid. As shown in Fig.
7H and Movie S1, the shape of PI/HAP0.9/rGO barely changed
after the adsorbed hexane burned out, while PI aerogel shrank
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and became black after combustion. Figure 71 shows the excellent
reusability of PI/HAP0.9/rGO via the adsorption-combustion
process, with 94.58% of the adsorption capacity remaining after
10 adsorption-combustion cycles.

Conclusion

In summary, a PI/HAP/rGO aerogel with unique mechanical
properties, intrinsic hydrophobicity, photothermal conversion,
and fire resistance was fabricated for fast adsorption of viscous
oil with the assistance of solar light. Because of the vertically
aligned channels obtained via the directional casting, the P/
HAPO0.9/rGO aerogel exhibits high strength along the axial
direction and great compressibility along the radial direction
simultaneously, with a Y,/Y; over 8. Moreover, the vertically
aligned channel of PI/HAP0.9/rGO dramatically reduced the
tortuosity for oil adsorption compared with the same aerogel
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with UPs. The presence of rGO imparted PI/HAP0.9/rGO with
great photothermal conversion performance, which could fur-
ther enhance the oil adsorption efficiency by reducing the oil
viscosity with the in situ thermogenesis under sunlight, including
crude oil with ultrahigh viscosity. In addition, the compressible
PI/HAP/rGO presents excellent thermal stability and fire retard-
ancy, allowing for reusability through convenient squeezing and
combustion processes. Therefore, the prepared PI/HAP0.9/rGO
is expected to be ideal adsorbent materials for clean-up and
recovery of viscous oil spills exposed to sunlight.

Materials and Methods

Materials

N-N-dimethylacetamide (DMAC; 99%), triethylamine (TEA; 99%),
sodium dihydrogen phosphate dihydrate (NaH,PO,-2H,0,
>98%), sodium hydroxide (NaOH, FCC/NEF), methanol
(Laboratory), kerosene (reagent), hexane (reagent), toluene
(reagent), dimethyl sulfoxide (DMSO), dichloromethane (resi-
due analysis), and calcium chloride (CaCl,, >96%) were pur-
chased from Fisher Scientific. 4,4’-Oxydianiline (ODA; 97%),
pyromellitic dianhydride (PMDA; 97%), hydroxyapatite nano-
particles, and oleic acid (OA; technical grade) were purchased
from Sigma-Aldrich. Graphite powders were purchased from
Alfa Aesar Chemicals. Pump oil was purchased from Mastercool.
Corn oil was purchased from Loblaws. Engine oil (OW-20) was
purchased from Red Line. Engine oil (10W-30) was purchased
from Valvoline. All chemicals were used as received without
further purification.

Preparation of PAA

The synthesis of PAA was a simple polycondensation method
[43]. Briefly, in a nitrogen atmosphere, 4.31 g of ODA was added
into 51 ml of DMAC in a 3-necked flask, which was immersed
in an ice/water bath. The mixture was mechanically stirred for
20 min to fully dissolve the ODA. After that, 4.69 g of PMDA
was added to the solution in batches. After the mixture was
stirred for 3 h, 3 ml of TEA was injected into the flask and the
stirring was kept for 4 h. After the reaction was completed, the
viscous solution was poured into deionized water cooled with
ice. The gel-like product was washed 4 times and frozen for 12 h
at —18 °C. Finally, PAA was obtained after freeze drying for 48 h
in a freeze dryer.

Preparation of hydroxyapatite nanowires

The synthesis method of HAPnws refers to the reports of Zhu’s
groups [36,37]. Typically, 62.4 g of OA, 31.67 g of methanol,
and 90 ml of deionized (DI) water were added into a 500-ml
beaker and uniformly mixed by magnetic stirring at 50 °C.
Then, NaOH solution (100 ml of water with 7 g of NaOH),
CacCl, solution (100 ml of water with 2.22 g of CaCl,), and
NaH,PO,2H,0 solution (100 ml of water with 6.27 g of
NaH,PO,2H,0) were added to the beaker sequentially every
20 min. Then, the hydrothermal reaction was conducted by
adding the above mixture into a 1-1 Teflon-lined hydrothermal
autoclave and heated to 180 °C for 24 h in the oven. When the
temperature cooled to room temperature, the slurry in the
autoclave was washed with 500 ml of ethanol, and the white
solid was obtained by centrifugation. To fully remove the unre-
acted ions and OA, the obtained white solid was washed with
DI water 3 times, washed with a mixture of ethanol and NaOH
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solution 3 times, and finally washed with a substantial amount
of water to reach a neutral pH of the filtrate. The washed white
solid was dried at 60 °C before further use.

Preparation of the PI/HAP/rGO aerogel

GO was synthesized via the modified Hummer’s method [45].
To fabricate the PI/HAP/rGO, 5 ml of GO solution with a con-
centration of 3 mg/ml was prepared via sonication in an ice
bath for 1 h first. Then, 0.104 g of TEA and 0.15 g of PAA were
added into the GO dispersion and magnetically stirred for
10 min to form a uniform solution. Different amounts of HAPnws
(0, 0.015, 0.03, 0.045, 0.06, and 0.075 g) were added to the
mixture and further magnetically stirred for 30 min. After that,
the mixture solution was poured into a homemade directional
freezing device to freeze the solution. The frozen sample was
transferred to the freeze dryer and dried for 48 h at —56 °C. The
obtained aerogel (PAA/HAP/GO) was placed in a tube furnace
for the thermal reduction and imidization process. The tem-
perature of the tube furnace was increased from the room tem-
perature at the rate of 10 °C/min and maintained at 100, 200,
and 300 °C for 1 h, respectively. After cooling to room tempera-
ture, the PI/HAPx/rGO (x=0.3,0.6,0.9, 1.2, and 1.5, indicating
the concentration of HAPnws) was obtained. The mixture solu-
tion of PAA, HAPnws, and GO was frozen in a refrigerator at
—18 °C overnight, freeze dried, and thermal treated to prepare
PI/HAP/rGO with a UP structure. For comparison, HAPnws
were replaced by hydroxyapatite nanoparticles to prepare the
composite aerogel, denoted as PI/HAP-NP/rGO.

Characterization of the PI/HAP/rGO aerogel

SEM images and energy-dispersive x-ray spectroscopy element
(EDX) mapping results were taken by Sigma EVO M10 (ZESSI,
Germany). AFM imaging was obtained on ICON (Bruker,
Germany) via the mapping mode. FTIR spectra were recorded
by Nicolet iS50 (Thermo Fisher Scientific, USA). Raman spec-
troscopy spectra were recorded by a Renishaw InVia Raman
microscope (Renishaw, UK). XPS spectra were obtained with
Kratos AXIS Ultra (Kratos, UK). The rheological properties
were tested by a rheometer (TA Instruments, AR-G2). The
mechanical properties were tested by an AGS-X universal ten-
sile testing machine (Shimadzu, Japan). The water contact angle
was measured by a contact angle goniometer (ramé-hart instru-
ment, NJ).

Oil adsorption test

To test the oil adsorption speed, the aerogel samples were pre-
pared with a size of ~12.5 mm in diameter and ~3 cm in length.
Organic liquid (5 ml) was added to a rectangular container with
asize of 3.5 cm X 3.5 cm. Then, the aerogel samples were placed
in the center of the container. The adsorption process was
recorded by a digital camera. The frame at different times of
the video was taken and analyzed with Image] software to
record the variation of liquid height with time.

Flame retardancy test

Different aerogel samples were placed above the blowtorch and
burned for 1 min to test their flame retardancy. The compressive
test of the burned aerogel samples was conducted by an AGS-X
universal tensile testing machine (Shimadzu, Japan). Adsorption—
combustion test was performed using hexane as the flammable
liquid. TGA was conducted with TGA Q500 (TA, USA).
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Photothermal property test

The temperature and the infrared photos were recorded with
a FLIR-E6390 infrared camera (Teledyne FLIR, USA). Sunlight
was simulated via a PLS-SXE300 xenon lamp source sun simu-
lator (PerfectLight, China). The crude oil used in the solar-
assisted adsorption test was obtained from JACOS (Athabasca
area), with a density of 950 kg m ™.
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